The tetraspanins are a family of integral membrane proteins with four transmembrane domains. These molecules form multimolecular networks on the surfaces of many different cell types. Gene-targeting studies have revealed a role for tetraspanins in B-and T-lymphocyte function. We have isolated and deleted a novel tetraspanin, Tssc6, which is expressed exclusively in hematopoietic and lymphoid organs. Using a genetrapping strategy, we generated an embryonic stem (ES) cell line with an insertion in the Tssc6 locus. Mice were derived from these ES cells and, using RNase protection and reverse transcription-PCR, we demonstrated that the insertion resulted in a null mutation of the Tssc6 allele. Mice homozygous for the gene trap insertion (Tssc6 gt/gt mice) were viable and fertile, with normal steady-state hematopoiesis. Furthermore, responses to hemolysis and granulocyte colony-stimulating factor-induced granulopoiesis were equivalent to those of wildtype mice. Lymphoid development was normal in Tssc6 gt/gt mice. Whereas Tssc6 gt/gt B cells responded normally to lipopolysaccharide, anti-CD40, and anti-immunoglobulin M stimulation, Tssc6 gt/gt T cells showed enhanced responses to concanavalin A, anti-CD3, and anti-CD28. This increased proliferation by Tssc6-deleted T lymphocytes was due to increased interleukin 2 production following T-cell receptor stimulation. These results demonstrate that Tssc6 is not required for normal development of the hematopoietic system but may play a role in the negative regulation of peripheral T-lymphocyte proliferation.
The tetraspanins (transmembrane 4 superfamily) are a large family of integral membrane proteins conserved through evolution (39) . Tetraspanin proteins contain four highly conserved hydrophobic transmembrane domains. There are two extracellular loops of unequal size and short, intracytoplasmic amino and carboxy termini. The small extracellular loop lies between transmembrane domains 1 and 2, and the large extracellular loop, which confers much of the functional specificity, lies between transmembrane domains 3 and 4. In contrast to the transmembrane domains, the extracellular domains of the family show considerable divergence. There are, however, three motifs-CCG, PXSC, and EGC-containing four highly conserved cysteine residues in the major extracellular domain. The tetraspanins are conceptualized to form a multiprotein network, or "web," in the cell membrane, interacting with tetraspanin family members, other integral membrane proteins, and intracytoplasmic signaling molecules (7, 17, 39) . Functional predictions derived from a structural analysis of the large extracellular loop suggest that two low-polarity regions in the loop may provide the binding sites for multiple protein partners (8) .
Tetraspanin associations were initially investigated by immunoprecipitating complexes in cell membrane lysates treated with mild detergents. Such complexes were invariably large and contained multiple proteins, including other tetraspanins. More recently, associations within the tetraspanin network have been dissected according to the ability of tetraspanincontaining complexes to withstand disruption by detergents of graded hydrophobicity (3) . Tetraspanin complexes held to be direct and highly specific include those between integrins ␣3␤1 and ␣6␤1 and tetraspanin CD151, ␣4␤1 and CD81 (3) , and CD9 and CD81 and the novel immunoglobulin superfamily proteins EWI-2 and EWI-F (the prostaglandin F2 alpha receptor regulatory protein) (3, 31) .
Tetraspanins have functional roles in cell motility, membrane fusion, proliferation, and adaptive immunity (7, 14, 17, 39) . In some cases, nontetraspanin molecules incorporated into the tetraspanin web may be responsible for the functional effect; the direct role, if any, of the tetraspanin is not yet clear. Many adhesion molecules and, in particular, the ␤1 integrins, form molecular associations with tetraspanin molecules (3, 7) . It is this partnership that likely underpins the role of tetraspanins in cell motility and cancer metastasis (38) . Tetraspanins are also proposed to link integrins to cytoplasmic signaling molecules, thereby diversifying integrin function (7, 38 ). An essential role for CD9 in sperm-egg fusion was revealed by the infertility of CD9 knockout mice. CD9 is also suggested to participate in megakaryocyte membrane fusion (4) and (with CD81) in myotubule formation (33) .
Tetraspanin associations have been observed with many lymphocyte cell surface proteins, usually under mild detergent conditions. Coimmunoprecipitating molecules include CD2, CD4 and CD8, and major histocompatibility complex class II (MHC-II). The tetraspanin CD81 is a member of the B-cell receptor complex comprising CD19, CD21, and Leu13. In this context, tetraspanins have been implicated in the control of lymphocyte activation and proliferation (14, 15, 17) . Studies on CD81 and CD37 knockout mice have revealed a role for tetraspanins in the immune response. CD81-null B lymphocytes have variably altered proliferation when stimulated in vitro, while T lymphocytes are hyperproliferative to a range of mitogens (20) . When immunized with a T-cell-dependent antigen, CD81-null mice were unable to mount an effective immune response (15, 16, 20) . CD81 was determined to be important for effective B-and T-cell interaction and interleukin 4 (IL-4) production by T cells (15) . Deletion of CD37 also had a negative effect on B-cell-T-cell collaboration and B-cell function in response to immunization with T-cell-independent antigens (9) .
Several groups, using different approaches, have identified the human TSSC6 gene, also known as PHEMX. The locus was present on a fragment of 11p15 chromosome that suppressed the growth of a rhabdomyosarcoma cell line (hence, tumorsuppressing subchromosomal transferable fragment cDNA 6) (22) . The murine Tssc6 gene was mapped to a syntenic region of distal chromosome 7 within a 1-Mb imprinted domain, although Tssc6 itself was not imprinted (22) . Tssc6, designated Phemx, was also identified as an expressed sequence tag in cDNA prepared from the extraembryonic tissue of a 7.5-dayold mouse embryo (10) . The Tssc6 protein was confirmed to be a member of the tetraspanin superfamily by alignment of its four transmembrane domains with those of other family members, by the identification of conserved polar amino acids in the hydrophobic transmembrane domains, and by virtue of its four highly conserved cysteines in the large extracellular loop (26) . The Tssc6 gene is adjacent to the CD81 locus and is most homologous to this gene, suggesting that one of the loci may have arisen by gene duplication (13, 22, 26) .
Northern analysis revealed that Tssc6 transcripts are confined to the hematopoietic compartment (21, 26) . Tssc6 expression was identified in multiple hematopoietic cell lines (26) and in flow-sorted erythroid cells, granulocytes, bone marrow B and T lymphocytes, and macrophages cultured from bone marrow (21) . Transcripts were also detected in pluripotential Lin Ϫ c-Kit ϩ Sca-1 ϩ cells (21) . In the developing murine embryo, Tssc6 mRNA was identified in blood cells in yolk sac blood islands and fetal liver (21, 26) . Further analysis of the distribution of Tssc6 in lymphoid subsets awaits the development of monoclonal antibodies.
In this study, we report the analysis of mice deficient in Tssc6. These mice were generated from an embryonic stem (ES) cell line bearing a gene trap insertion in the Tssc6 locus.
MATERIALS AND METHODS
Derivation of the gene trap ES cell line 26F8. W9.5 ES cells, derived from a 129/Sv.C3-ϩ c ϩ p inbred strain (32) , were electroporated with 30 g of linearized gene trap vector pMS-1 (generously provided by Marjo Salminen and Peter Gruss, Max Planck Institute of Biophysical Chemistry, Göttingen, Germany). Cells were selected in 150 g of G418 (GibcoBRL, Grand Island, N.Y.)/ml, and surviving clones were picked and expanded. Each clone was differentiated and examined for expression of the gene trap vector in hematopoietic cells by staining for ␤-galactosidase activity essentially as described previously (30 2 in air. After 4 days, 5 to 10 embryoid bodies were seeded in each well of a 24-well tissue culture dish (Corning) in differentiation medium. After a further 5 days, the differentiation cultures were fixed and stained for ␤-galactosidase activity as described previously (30) . From this screen, the gene trap ES cell line 26F8 was selected for further study because lacZ staining was restricted to hematopoietic cells in differentiation cultures and in chimeric embryos.
Molecular characterization of the gene trap insertion. Mice heterozygous for the gene trap insertion 26F8 (Tssc6 gt/ϩ mice) were obtained by mating chimeras generated by injecting 26F8 ES cells into BALB/c blastocysts. Southern blots of tail DNA digested with HindIII were probed with a 1.1-kb SacI-ClaI ␤-galactosidase cDNA fragment. This demonstrated that a single integration of the gene trap vector had occurred. The molecular cloning of the gene trap fusion transcript by 5Ј rapid amplification of cDNA ends with RNA prepared from the fetal livers of Tssc6 gt/ϩ mice and its identification as the recently discovered gene Tssc6 (also known as Phemx) have been previously described (26) . Analysis of the full-length Tssc6 protein demonstrated that it is a member of the tetraspanin superfamily (26) . To map the insertion of the gene trap vector into the Tssc6 genomic locus, DNA prepared from mice bearing the 26F8 insertion and their littermates was digested with multiple restriction enzymes, transferred to a nylon membrane, and hybridized with multiple probes obtained from the pMS-1 vector and from Tssc6 cDNA. The results were compared with the restriction enzyme map of the Tssc6 genomic locus (22) Fig. 1A ).
Analysis of Tssc6 expression. Poly(A) ϩ RNA was prepared from the fetal liver, kidney, liver, spleen, thymus, and lymph nodes of wild-type (Tssc6 ϩ/ϩ ), Tssc6 gt/ϩ , and Tssc6 gt/gt mice, and Northern analysis was performed as previously described (23) . Identical blots were prepared and hybridized to 5Ј and 3Ј Tssc6 cDNA fragments as well as to a ␤-galactosidase probe. The 5Ј probe was as shown in Fig. 1A , and the 3Ј probe was a 333-bp NcoI fragment from a Tssc6 cDNA clone which lacked exon 7 (26) . Blots were then stripped and reprobed with a 1.1-kb fragment of chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. RNase protection analysis was performed with the RPAIII kit (Ambion, Austin, Tex.) as described previously (24) . Ten micrograms of RNA was used in each hybridization reaction. The RNase protection probes, illustrated diagrammatically in Fig. 2A , were a 315-bp Tssc6 cDNA fragment (nt 650 through 965) and a 270-bp Tssc6 cDNA fragment (nt 197 through 467), both cloned into pBluescript II SKϪ (Stratagene, La Jolla, Calif.). A 245-bp fragment of mouse ␤-actin cDNA, labeled to a 50-fold-lower specific activity, was used to estimate RNA loading. Reverse transcription (RT)-PCR was performed as described previously (26) . The oligonucleotide primers used to amplify Tssc6 were used as described previously (26) . To detect the gene trap fusion transcript, oligonucleotide primers 5Ј-ATGGCCACCATGGTGGTTGTC-3Ј and 5Ј-TTGTCGACCT GTTGGTCTGAAACTCAGCCT-3Ј (which lies in the gene trap vector) were used, with PCR conditions as described above, except that the annealing temperature was 61°C. The reaction products were electrophoresed through 2% agarose gels, transferred to a nylon membrane, and probed with a radiolabeled internal oligonucleotide, 5Ј-CTGTGATTGGCCATGCATCGTTGGAGA-3Ј. Amplification of hypoxanthine phosphoribosyltransferase transcripts was used to estimate the amount of cDNA present in each sample, with oligonucleotides and PCR conditions as described previously (25) , except that 24 cycles of PCR were carried out.
Mice and histologic analysis. Mice used for all analyses were between 6 and 12 weeks of age unless otherwise stated and were either BALB/c ϫ 129Sv or backcrossed onto C57BL/6. In each experiment, littermates were used as controls. Mice were bred and maintained in standard animal facilities. Sections of brain, salivary glands, thymus, lymph nodes, lung, heart, liver, spleen, kidney, intestinal tract, pancreas, genitourinary tract, muscle, sternum, and femur from Tssc6 gt/gt mice and littermates were stained with hematoxylin and eosin and examined with a light microscope.
Flow cytometry. Single-cell suspensions were prepared by passing solid organs through a fine wire mesh. Spleen, bone marrow, and peripheral blood cell suspensions were depleted of red blood cells by hypotonic lysis with 156 mM ammonium chloride, resuspended in buffer solution (balanced salt solution con-VOL. 22, 2002 Tssc6-DEFICIENT MICE 5007
taining Na-K-Ca-Mg at a molar ratio of 121:3:2:1, buffered to pH 7.2 with HEPES and potassium phosphate, containing 3% bovine calf serum [BCS; HyClone, Logan, Utah]), and then stained with a saturating concentration of the appropriate antibody on ice for 30 min. The monoclonal antibodies used were either biotin or fluorescein isothiocyanate conjugates specific for the following murine markers:
, and Ter 119 (all generously provided by A. Strasser, The Walter and Eliza Hall Institute, Victoria, Australia). Biotinylated antibodies were revealed with streptavidin-phycoerythrin (Caltag, Burlingame, Calif.). Dead cells were excluded by propidium iodide (Sigma) uptake, and lymphocyte subpopulations were determined after gating on typical lymphocyte forward and side scatter properties. Cells were analyzed on a FACScan flow cytometer (Becton Dickinson, San Jose, Calif.). Hematologic analysis. Mice were bled from the retro-orbital sinus, and peripheral cell counts were performed with an ADVIA 120 automatic cell analyzer (Bayer, Tarrytown, N.Y.). Differential cell counts and morphological analyses were performed manually on May-Grünwald-Giemsa-stained peripheral blood smears or cytocentrifuge preparations of spleen and bone marrow cell suspensions. For progenitor cell assays, adult bone marrow cells at a final concentration of 25,000 cells/ml were added to triplicate 36-mm-diameter tissue culture dishes containing 1 ml of semisolid medium (Dulbecco's modified Eagle's medium with 20% selected BCS and 0.3% agar) and final concentrations of one of the following growth factors: 100 ng of murine stem cell factor (SCF; produced in Pichia pastoris)/ml, 10 ng of recombinant murine macrophage colony-stimulating factor (M-CSF; Cetus, Emeryville, Calif.)/ml, 10 ng of recombinant murine granulocyte-macrophage colony-stimulating factor (GM-CSF; Schering, Bloomfield, N.J.)/ml, 10 ng of human granulocyte colony-stimulating factor (G-CSF; Amgen, Thousand Oaks, Calif.)/ml, 10 ng of murine IL-3 (PeproTech, Rocky Hill, N.J.)/ml, or 2 IU of murine thrombopoietin (TPO; produced in CHO cells)/ml. Plates were incubated at 37°C in 10% CO 2 in air for 7 days before being fixed, floated onto glass slides, dried, and then stained for acetylcholinesterase activity and then with Luxol fast blue and hematoxylin. Total and differential colony counts were performed by microscopic examination of the stained culture slides. Bone marrow transplantation experiments conducted to determine the activity of CFU in the spleen (CFU-S) utilized cells from the femurs of one to three Tssc6 gt/gt and littermate donor mice. Lethally irradiated C57BL/6 mice (two 5.50-Gy doses, 4 h apart) received between 25 ϫ 10 3 and 200 ϫ 10 3 cells via retro-orbital injection. Twelve days postinjection, spleens were fixed in either 70% ethanol-glacial acetic acid-10% neutral buffered formalin (100:5:12 [vol/ vol/vol]) or Bouin's reagent and macroscopic colonies were counted.
PHZ-induced anemia. Fifteen Tssc6 gt/gt mice and littermate controls were injected intraperitoneally (i.p.) with 60 mg of phenylhydrazine (PHZ; Sigma)/kg on days 0 and 1. At specified time points, cohorts of three mice of each genotype were bled via the retro-orbital plexus for hematocrit determination (microcapillary tube centrifugation) and then killed, and their spleens were weighed.
Response to G-CSF injection. Four sex-and weight-matched Tssc6 gt/gt and Tssc6 ϩ/ϩ mice were injected subcutaneously with 2.5 g of recombinant human G-CSF (Filgrastim; Amgen) twice a day for 5 days. G-CSF was diluted in 0.2 ml of normal saline with 5% BCS. Control animals received normal saline with 5% BCS alone. On the sixth day, animals were killed and bled. Total and differential cell counts on blood and spleen were performed. Blood (25 l) and spleen (25,000 nucleated cells) were cultured and analyzed for progenitor cell content as described above. Triplicate cultures were stimulated with a combination of 10 ng of recombinant murine IL-3/ml, 10 ng of M-CSF/ml, and 2 IU of human erythropoietin (Amgen)/ml. Acute inflammatory response to casein. Casein C5890 (Sigma), containing Bacillus sp. bacteria (19) , was prepared as a 0.2% solution in 0.2 ml of mouse tonicity phosphate-buffered saline (MT-PBS) and injected i.p. into four mice of each genotype. Mice were killed 3 h postinjection, and their abdomens were lavaged with 3 ml of MT-PBS (19) . Total and differential counts on the harvested abdominal fluid were performed by manual methods.
Proliferation assays. Cell suspensions were prepared from the pooled spleens or lymph nodes of three Tssc6 ϩ/ϩ or Tssc6 gt/gt mice. Splenic B and T cells were purified by selecting cells which failed to bind fluoroscein isothiocyanate-labeled GR-1, Mac-1, and Ter 119 antibodies and either Thy-1 or B220 antibodies by using flow cytometric sorting (MoFlo; Cytomation, Fort Collins, Colo.). The purities of sorted B and T lymphocytes were both Ն94% when immunophenotyped with antibodies specific for the enriched population. T-cell subsets were separated by negative selection using magnetic beads (Dynabeads M-450; Dynal, Oslo, Norway). The purity of the enriched cell population was above 95%. 
a Data given are means Ϯ standard deviations of the specified hematological parameters from 6 to 12 mice of each genotype.
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on IL-2 measurement. Lymph node-derived T lymphocytes were enriched using magnetic beads, and 2 ϫ 10 5 cells/well were stimulated as described above with 10 g of anti-CD3/ml. Supernatants from duplicate wells were determined using a Quantikine M IL-2 enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, Minn.) following the manufacturer's instructions.
Analysis of protein tyrosine phosphorylation. Enriched T-lymphocyte populations were suspended in MT-PBS, and 2 ϫ 10 6 cells/well were stimulated at 37°C in 12-well plates coated with 10 g of anti-CD3/ml for various times. Cells were lysed in situ with 2ϫ lysis buffer (1ϫ lysis buffer contains 0.1% Triton X-100, 0.5% sodium dodecyl sulfate, 50 mM dithiothreitol, 20 mM Tris HCl [pH 7.5], 150 mM NaCl, 50 mM sodium fluoride, 2 mM sodium orthovanadate, and protease inhibitors [Complete Cocktail tablets; Roche]), clarified, and then concentrated using filter units (Millipore, Bedford, Mass.). Protein was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes (Osmonics, Westborough, Mass.), and blotted with anti-phosphotyrosine clone 4G10 (Upstate Biotechnology, Lake Placid, N.Y.), followed by anti-mouse horseradish peroxidase (HRP) conjugate (Silenus, Melbourne, Australia).
Immunization experiments. Seven mice of each genotype were injected i.p. with 100, 10, or 1 g of NP ([4-hydroxy-3-nitrophenyl]acetyl) coupled to keyhole limpet hemocyanin (KLH) (NP 18 -KLH [NP 18 /KLH conjugation ratio, 18:1]) precipitated in alum. In one experiment, mice were immunized with 20 g of NP 18 -KLH in MT-PBS. Mice were bled at days 0, 14, and 42 postimmunization and then given an i.p. booster on day 42 with 20 g of NP 18 -KLH in MT-PBS (mice initially immunized with 100 g of NP 18 -KLH in alum were given an i.p. booster with 100 g of NP 18 -KLH) and bled on day 49. One mouse of each genotype was sacrificed at day 14, and the spleen and an inguinal lymph node were processed for histology. T-cell-independent responses were induced by immunizing six mice of each genotype with an i.p. injection of 50 g of NP-LPS in 200 l of MT-PBS. Three mice of each genotype were bled and killed at day 7 and day 14 postimmunization.
Immunoglobulin detection. NP-specific antibodies were measured by ELISA on 96-well plates (Dynex, Chantilly, Va.) coated with solutions of 20 g/ml of either NP 17 -bovine serum albumin or NP 2 -bovine serum albumin to detect total and high-affinity anti-NP antibodies, respectively. Serially diluted serum samples were applied to the washed plates and incubated for at least 4 h. HRP-labeled anti-mouse IgG1 and anti-IgM (Southern Biotechnology Associates, Birmingham, Ala.) at a concentration of 1 g/ml were applied for 4 h before washing and signal detection by 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) substrate (Sigma). NP-specific monoclonal IgG1 was used to generate a standard curve, from which relative units were derived. Basal serum immunoglobulin levels were assayed similarly, with the following modifications. Plates were coated with anti-mouse total immunoglobulin (Silenus) at 2 g/ml in 0.2 M carbonate buffer. The isotype-specific anti-IgG2a (Southern Biotechnology) and anti-IgA (Silenus) secondary antibodies were biotinylated. For these assays, a 1-h incubation of streptavidin-labeled HRP (Southern Biotechnology) was performed prior to substrate addition and color development. Standards were generated from the standard curves of purified, polyclonal anti-isotype antibody (Sigma).
Statistical analysis. Significant differences between wild-type and genetrapped mice were determined by Student's t test for paired samples. A P value of Ͻ0.05 was considered to be statistically significant.
RESULTS
Generation of Tssc6-null mice. In a screen to identify genes expressed during early blood development, we isolated an ES cell line in which the gene trap vector pMS-1 (28) had integrated into the mouse Tssc6 locus. Analysis of the integration event by the 5Ј rapid amplification of cDNA ends method yielded a 351-nt sequence which contained the previously unidentified first exon and the second and third exons of Tssc6 (26) . The insertion site was mapped by Southern blot analysis using vector probes, Tssc6 cDNA probes, and the genomic sequence of the locus (22) . This revealed that a single copy of the gene trap vector had integrated into intron 3 (Fig. 1A) .
Tssc6 gt/ϩ mice were mated, generating viable, fertile offspring which were genotyped as shown in Fig. 1B . Tssc6 gt/gt mice were born in normal Mendelian numbers. In order to determine the effect of the gene trap insertion on Tssc6 transcription, Northern blots, prepared by using poly(A) ϩ RNA from the tissues of Tssc6 gt/gt mice and their littermates, were probed with Tssc6 cDNA probes. In contrast to Tssc6 ϩ/ϩ and Tssc6 gt/ϩ mice, no Tssc6 transcripts were detected in the fetal liver, spleen, thymus, or kidney from Tssc6 gt/gt mice (data not shown). RNase protection was performed in order to detect low-level Tssc6 transcription. In keeping with the Northern blotting results, a riboprobe 3Ј of the insertion site did not protect a transcript in the Tssc6 gt/gt fetal liver or thymus. A 5Ј riboprobe, which crossed the insertion site, was predicted to protect a truncated transcript in the Tssc6 gt/ϩ and Tssc6 gt/gt mice, but no such transcript was seen, suggesting that the insertion destabilized the Tssc6 fusion transcript (Fig. 2A) . The absence of a full-length Tssc6 transcript in tissues from the Tssc6 gt/gt mice was further confirmed by RT-PCR. Using primers designed to amplify the fusion transcript, we detected a faint band in cDNA prepared from Tssc6 gt/ϩ and Tssc6 gt/gt tissues (Fig. 2B) . These results indicate that the gene trap insertion into the Tssc6 locus has acted as a mutagen, preventing the production of full-length Tssc6 transcripts and resulting in a null allele.
Hematopoiesis in the steady state or during challenge is normal in Tssc6
gt/gt mice. Having established that the gene trap insertion resulted in a null mutation of the Tssc6 locus, Tssc6 gt/gt mice were examined for defects in the hematopoietic and immune systems. The mutant mice were of normal appearance and were healthy and fertile. Gross pathology and histological examination of embryonic and adult tissues did not reveal any abnormalities. Total cell counts of peripheral blood, bone marrow, and spleen were similar to those for Tssc6 gt/gt mice and littermates, and differential counts did not reveal differences in hematopoietic cell types (Table 1) . Similar results were obtained when the analysis was repeated on 6-month-old mice (data not shown). Bone marrow progenitor gt/gt and Tssc6 ϩ/ϩ mice were injected i.p. with casein. Three hours later, the mice were killed and the peritoneal exudate was collected and examined. Data represent the means and standard deviations of absolute cell numbers in the exudate from four treated mice and six untreated controls.
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Tssc6-DEFICIENT MICE 5011 (Fig. 3A) . The increase in spleen size in PHZ-treated mice, reflecting extramedullary hematopoiesis, was also similar in Tssc6 gt/gt mice and controls (data not shown). G-CSF was injected over a period of 5 days to induce mobilization of progenitor cells and mature neutrophils from the marrow and spleen into the circulation (27) . The induced neutrophilic leukocytosis in Tssc6 gt/gt mice and littermates was similar (Fig. 3B) . Similarly, the increase in progenitor cell numbers present in peripheral blood and spleen was not altered by Tssc6 deletion (Fig. 3C  and D) .
The ability of the mutant mice to mount an acute inflammatory response was tested by i.p. injection of casein. The casein solution was nonsterile and delivered a low-grade bacterial infection, as well as the foreign protein, to generate inflammation (19) . Depletion of mature neutrophils from the bone marrow storage pool was comparable between genotypes (data not shown), and the cellular profile of the peritoneal exudate indicated a normal inflammatory response in Tssc6 gt/gt mice (Fig. 3E) . The phagocytic ability of granulocytes appeared normal, as indicated by the percentage of neutrophils that had phagocytosed bacteria (data not shown).
Lymphocyte development is normal in Tssc6 mutant mice. Northern analysis has shown Tssc6 expression in lymphoid organs, in T-and B-cell blasts, and in most lymphoid cell lines (26) . The thymi, spleens, and lymph nodes of Tssc6 gt/gt mice were of normal size and architecture. Examination of the lymphoid populations in bone marrow, thymus, spleen, and peripheral lymph nodes was performed using 6 to 12 mice of each genotype (Table 3) . Representative profiles for each organ are presented in Fig. 4 . The percentage of lymphoid cells expressing the B-cell surface antigens B220, IgM, CD19, CD21, CD40, MHC-II, and CD23 in bone marrow and secondary lymphoid tissues did not differ between Tssc6 gt/gt mice and Tssc6 ϩ/ϩ littermates ( Table 3 , Fig. 4 , and data not shown). Determination of pro-B-, pre-B-and immature B-cell subsets in the marrow revealed normal B-lymphocyte development in Tssc6 (Table 3) . T-cell development in the thymus and mature populations in lymph nodes, analyzed by CD4, CD8, CD3, TCR␣␤, and TCR␥␦ expression, were comparable between Tssc6 gt/gt mice and Tssc6 ϩ/ϩ littermates (Table 3 and data not shown). The expression of the activation markers CD44, MEL-14, CD69, and CD25 on lymph node-derived T lymphocytes revealed no difference in the number of effector or memory cells between Tssc6 gt/gt and littermate mice (data not shown).
T-cell proliferative responses are exaggerated in vitro. In vitro assays of lymphocyte proliferation allow examination of B-and T-cell responses to cell surface receptor stimulation by mitogenic agents. Negatively-selected B-and T-cell populations from the spleen or lymph node were used for these assays. Levels of B-lymphocyte proliferation in response to anti-IgM, LPS, and anti-CD40 were equivalent between Tssc6 gt/gt and Tssc6 ϩ/ϩ cells (data not shown).
Increased proliferation of Tssc6
gt/gt T cells was evident when splenocytes were cultured with different concentrations of concanavalin A. This difference was seen at concentrations of mitogen above 0.25 g/ml and was evident on days 1 through 3 of the assay (Fig. 5A) . There was also an ϳ1.5-to 2-fold increase in proliferation by Tssc6 gt/gt T lymphocytes in response to T-cell receptor (TCR) ligation with anti-CD3 that was maintained after ligation of the costimulatory molecule CD28 (Fig. 5A ). IL-2 in the supernatant of Tssc6 gt/gt and control T-cell cultures was measured at multiple time points after the addition of anti-CD3. At all time points studied, IL-2 present in the stimulated Tssc6 gt/gt T-cell cultures was significantly higher than in control cultures (Fig. 5B) . To further characterize the abnormal proliferative response of Tssc6 gt/gt T cells, the proliferation of CD4 and CD8 T cells from wild-type and mutant mice was analyzed. Both CD4 and CD8 T cells from Tssc6 gt/gt mice were hyperproliferative in response to TCR ligation. However, activating the cells by cross-linking the TCR and CD28 eliminated the hyperproliferation of Tssc6 gt/gt CD4 but not CD8 T cells (Fig. 6 ). In keeping with the observation that IL-2 production is increased in anti-CD3-stimulated Tssc6 gt/gt T cells, the addition of a saturating concentration of IL-2 to CD4 and CD8 T-cell cultures abolished the proliferative advantage displayed by these cells (Fig. 6 ). Interestingly, when the TCR was bypassed by stimulation with PMA and ionomycin, there was no significant difference between the proliferation rates of Tssc6 ϩ/ϩ and Tssc6 gt/gt cells of CD4 and CD8 lineage (Fig. 6) .
Total intracellular protein tyrosine phosphorylation was compared in wild-type and Tssc6-deleted T lymphocytes following ligation of the CD3/TCR complex. The pattern of tyrosine phosphorylation in resting cells and at 2, 5, and 15 min poststimulation was comparable in Tssc6 ϩ/ϩ and Tssc6 gt/gt cells (data not shown).
Normal serum immunoglobulin levels and antibody response to T-cell-dependent and -independent antigens in Tssc6 gt/gt mice. There was no significant difference between the basal level of serum immunoglobulins in Tssc6 gt/gt mice and littermate control mice at both 6 to 12 weeks and 6 months of age (data not shown). Since these titers represent an accumu- lation of immunoglobulin over time and are regulated at many levels, we also determined immunoglobulin production in response to defined stimuli. Tssc6 gt/gt mice and littermate controls were immunized with the T-cell-dependent antigen NP 18 -KLH precipitated in alum. To explore subtle differences in Band T-cell interaction, we varied the dose of antigen and also examined the effect of suboptimal costimulation (i.e., immunization without adjuvant). Primary and secondary immune responses to a titrated dose of NP 18 -KLH both with and without adjuvant in Tssc6 gt/gt mice and controls were similar (Fig. 7A  through D) . Moreover, affinity maturation, as determined by the temporal production of high-affinity, NP-specific IgG1, was unaltered in the mutant mice (data not shown). Comparison of follicular hyperplasia and germinal center development in histological sections of an inguinal lymph node and spleen obtained during the late primary response did not demonstrate differences between Tssc6 gt/gt mice and controls (data not shown). The immune response to the T-cell-independent antigen NP-LPS was also normal in Tssc6 gt/gt mice (Fig. 7E) .
DISCUSSION
Tssc6 is a recently identified member of the tetraspanin superfamily expressed exclusively in the hematopoietic system. Mice with a mutation of Tssc6 were generated from a gene trap ES cell line, and analysis of the consequences of the gene trap insertion demonstrated that it had resulted in a null mutation of the Tssc6 allele. We therefore examined the Tssc6 gt/gt mice CD4, but not CD8, T cells could be counteracted by optimal costimulation. This may be because, in comparison with CD8 cells, CD4 T cells are known to be more sensitive to CD28 activation (1, 2, 5, 29) and produce higher quantities of IL-2 upon TCR and CD28 stimulation (2, 5, 29) . In keeping with this, addition of exogenous IL-2 to T-cell cultures abrogated the difference in proliferation between Tssc6 gt/gt and Tssc6 ϩ/ϩ CD4 and CD8 T cells in response to CD3 and CD3 plus CD28, respectively. Despite the in vitro data, Tssc6 gt/gt mice showed a normal humoral response when immunized with the T-celldependent antigen NP 18 -KLH.
Analysis of three tetraspanin knockouts now points to a common role for tetraspanins in the control of lymphocyte proliferation. A T-cell hyperproliferative response to TCR cross-linking has been observed in T cells derived from mice with null mutations in CD81 (20) , CD37 (M. Wright, . Proliferation responses of CD4 and CD8 T-cell subsets. T-cell subsets were cultured at a concentration of 10 5 cells/well and stimulated with either 10 g of anti-CD3/ml (A), 1 g of anti-CD3/ml and 10 g of anti-CD28/ml (B), or 10 ng of PMA/ml and 100 ng of ionomycin (Iono)/ml (C) for 4 days, with the maximal tritiated thymidine incorporation shown. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.005. (D) Proliferative response when IL-2 at a concentration of 100 IU/ml was added to CD8 cells stimulated with anti-CD3 and anti-CD28 or CD4 cells stimulated with anti-CD3. Each value represents the mean and standard deviation obtained from triplicate cultures.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ lished data), and Tssc6. By contrast, the proliferative responses of B cells in the latter two models were entirely normal (9; Wright, unpublished). Conversely, CD81-deficient B cells were hypoproliferative, presumably because of the poor expression of the B-cell costimulatory molecule CD19. CD81 is known to be a key member of a B-cell signal transduction complex that includes CD19 and Leu13 (6, 18) . The data from targeted mice suggests that this role of CD81 in B-cell biology is specific to this particular tetraspanin and not common to all members of the family.
The notion that tetraspanins influence T-cell activation and proliferation was previously suggested by the response of T cells to the cross-linking of cell surface tetraspanins. Monoclonal antibodies against CD9, CD53, CD81, and CD82 are capable of costimulating T cells, and one anti-CD53 antibody was shown to be fully mitogenic for rat T cells (11, 12, 34, 35, 37) . Tetraspanin-mediated costimulation occurs via a mechanism different from that by which costimulation through the classical CD28 pathway occurs. As distinct from that of CD28, CD81 signaling is inhibited by cyclosporine and generates a different (40) . Hence, the data from monoclonal antibody cross-linking studies suggest that the role of tetraspanins in T-cell activation is stimulatory whereas data from tetraspanin-deficient mice are most consistent with a regulatory function. The answer to this paradox may lie in the ability of tetraspanins to form multimolecular complexes with other proteins. Of particular interest are recent reports that tetraspanins can associate with cholesterol, sphingolipid, and kinase-rich microdomains known as rafts. Specifically, the tetraspanins CD9, CD63, and CD81 can associate with rafts in an epidermoid carcinoma cell line (3) and in T cells CD9 has been shown to be present in rafts (40) . A recent paper by Viola and colleagues (36) showed that T-cell costimulation through CD28 is mediated by the reorganization of membrane lipid rafts. Clustering of kinase-rich lipid rafts around the TCR complex occurs following CD28 engagement and results in an increased stability of tyrosine phosphorylation. Cross-linking of raft-associated tetraspanins could also lead to reorganization and clustering of lipid rafts and explain the costimulatory effect of tetraspanin antibodies. It has been argued that the primary function of tetraspanins is that of a molecular facilitator which organizes the microdomains of membrane proteins (17) . Therefore, if a key role of tetraspanins in T cells is to organize lipid raft microdomains, the absence of these molecular organizers in a tetraspanin knockout may lead to the disruption of raft compartmentalization and an enhanced proliferative response.
To date, 18 tetraspanins have been shown to be expressed on lymphocytes (26) . The mild phenotype observed in Tssc6 gt/gt mice may therefore be a consequence of functional redundancy between members of the tetraspanin superfamily. Analysis of mouse strains with deletions of multiple tetraspanin molecules will further define the role of these proteins in immune regulation and may provide insights into additional functions of this large and evolutionarily conserved protein family.
